A hybrid system based on a micro gas turbine (µGT) and a high-temperature fuel cell, i.e., molten carbonate fuel cell (MCFC) or solid oxide fuel cell (SOFC), is expected to achieve a much higher efficiency than conventional distributed power generation systems. In this study, a cycle analysis method and the performance evaluation of a µGT-MCFC hybrid system, of which the power output is 30 kW, are investigated to clarify its feasibility. We developed a general design strategy in which a low fuel input to a combustor and higher MCFC operating temperature result in a high power generation efficiency. A high recuperator temperature effectiveness and a moderate steam-carbon ratio are the requirements for obtaining a high material strength in a turbine. In addition, by employing a combustor for complete oxidation of MCFC effluents without additional fuel input, i.e., a catalytic combustor, the power generation efficiency of a µGT-MCFC is achieved at over 60% (LHV).
Introduction
Recently, technological development toward the effective use of energy has been encouraged. Small distributed energy systems, which are based on small-scale engines and fuel cells, are expected to contribute to energy saving (1) . Micro gas turbines (µGTs), of which power outputs are below 100 kW, have been developed (2) , however the power generation efficiencies of practical µGTs are below 30%. The performance improvement of µGTs is a significant technical issue (3) . Responding to this situation, hybrid systems, which consist of gas turbines and fuel cells, have been suggested, and diversified research results have been reported (4) . Considering the operating temperature ranges of gas turbines and fuel cells, the molten carbonate fuel cell (MCFC) and solid oxide fuel cell (SOFC) are suitable for coupling with gas turbines.
Generally, MCFCs are operated in the temperature range of 650
• C to 700
• C. Hence, MCFCs can be operated with various types of fuel, e.g., hydrocarbon from natural gas and gasified coal. Such fuel flexibility is one of the features of MCFCs. This type of fuel cell is expected for wide applications, i.e., in alternative large-scale thermal power generation plants and small-scale distributed power generation plants, of which the power outputs are 300 -400 kW (5) . At present, some technical reports regarding highly efficient power generation systems including MCFCs, e.g., the combination with bottom cycles using steam or an ammonia-water mixture (6) and gas turbine cycles (7) , can be found. There are various MCFCs and thermal power cycle combined systems. Hence, in the stage of system design and planning, the optimization of system configurations based on the proper objective function is essential to develop high-performance combined energy systems. As mentioned above, various system analyses with respect to the combination of MCFCs and heat engines have been conducted. In some articles (8) - (13) , it has been clarified that hybrid systems have the potential to achieve an extremely high efficiency of over 60%. Hybrid systems, of which the power output scales are relatively large (> 1.0 MW), are discussed in many previous studies. However, assuming the application of these systems as a smallscale distributed power supply to meet the energy demand of the consumer sector, i.e., commercial buildings, offices, hotels and hospitals, the significant technical issues of small hybrid systems should be investigated.
In the present paper, the cycle analysis of a µGT-MCFC hybrid system, of which the power output is 30 kW is described. In particular, the effects of major design parameters on the performance of the hybrid system are discussed in detail, and the design strategy for the practical application of hybrid systems technology is discussed. 
Overview of µGT-MCFC Hybrid System
On the basis of the operating modes of gas turbines, hybrid systems made up of a gas turbine and a MCFC are classified into two different types. The first one is a gas turbine directly driven with the exhaust heat of a MCFC thus enabling power recovery. The second one is the closed gas turbine indirectly driven with the waste heat recovered in a heat exchanger. In the latter case, the pressure ratio of a gas turbine cycle can be adjusted regardless of MCFC operating pressure. Considering the cell performance improvement caused by pressurization and the ef- fectiveness of direct gas turbine driving using the hot exhaust of a MCFC, the basic configuration of the hybrid system described in this paper is a recuperated gas turbine cycle with a MCFC, which is placed downstream of a compressor. Figure 1 shows a schematic diagram of the µGT-MCFC hybrid system. This system is operated using methane at atmospheric temperature and pressure (15 • C and 101.325 kPa) as a primary fuel. The pressurized air from the compressor is heated in the recuperator using the exhaust gas from the turbine, and is subsequently supplied into the cathode of the MCFC. The anode exhaust gas of the MCFC contains residual species, i.e., hydrogen, carbon monoxide and methane. These combustible chemical species are completely oxidized in the combustor. The high-temperature combustion gas directly expands in the turbine to generate mechanical power and is discharged after heating the compressed air in the recuperator. With respect to fuel reforming, indirect internal reforming is employed and the required steam is supplied with the anode exhaust recirculation. Generally, carbonate ions pass through electrolytes in MCFCs. In order to operate a MCFC, carbon dioxide should be injected into the cathode fill port. In the present system, the recirculation path in which some of the anode exhaust is mixed with the cathode inlet air is taken into consideration (14) . The numeric values in Fig. 1 indicate a typical example of the cycle calculation results based on certain design conditions. Assuming that the total power output is 30 kW, the µGT-MCFC hybrid system has prospects that its power generation efficiency reaches approximately 55% (LHV).
Cycle Analysis Method

1 Assumptions and calculation conditions
Regarding the performance evaluation of a MCFC, it is found that two-dimensional modelling and numerical simulations of planar cells are described in detail in previous papers. These previous research studies deal with the conjugated phenomena of electrochemical reaction, heat/mass transfer and fluid flow (15) - (18) , and effective information for actual cell design is pointed out by clarifying internal distributions of temperatures and other parameters. On the contrary, in this paper we intend to evaluate comprehensive characteristics and show the theoretically prospective performance of the µGT-MCFC hybrid system. Hence, the following matters are assumed in order to simplify cycle analysis.
( 1 ) There are no leakages of working fluids.
( 2 ) Heat losses are negligibly small. ( 3 ) Chemical reaction completely proceeds to equilibrium states.
( 4 ) Chemical reaction proceeds under uniform temperature, pressure and composition. There is no distribution of physical values in all components.
( 5 ) Steady-state operation is considered. ( 6 ) The temperatures of the anode outlet, cathode outlet and reformer outlet are equal to the MCFC operating temperature.
( 7 ) The unburnt combustible content in anode exhaust gas, i.e., hydrogen, carbon monoxide, methane and additional fuel (methane), are completely oxidized in the downstream combustor.
In this study, the total power output is set at 30 kW, because the hybrid system is assumed to be used as smallscale distributed power generation equipment. In the case of small-scale systems, heat losses will actually be significant issues, however definite system design, which includes the arrangement of components, is not the target of the present study. The focus of this paper is the thermodynamic performance evaluation, hence we do not take heat losses into account and discuss the ideal characteristics of the hybrid system. The standard calculation condition is shown in Table 1 . The adiabatic efficiencies of the compressor and turbine are determined from a previous report of a gas turbine, of which the power output is 10 kW (19) . The other values are appropriate assumptions in terms of the current technology level and compactness of the system.
2 Reaction heat and equilibrium constant
Reaction heat is estimated as the difference in formation enthalpy. Equilibrium constants are calculated from the formation Gibbs free energy ∆G, gas constant R and reaction temperature T .
The thermophysical and thermochemical properties of working fluids except methane are obtained from JANAF tables (20) . The properties of methane are referred to in the chemical engineering handbook (21) .
3 Micro gas turbine
State changes of working gases in a compressor and turbine are calculated using the method described in the literature (22) . The values of the compressor power con- Table 1 Standard calculation condition sumption W c and the turbine power output W t are estimated from the inlet and outlet gas conditions, thereby the net power output of the gas turbine W gt can be calculated in consideration of the mechanical efficiency of rotating components η gt , the electric generator efficiency η gen and the power consumption of the fuel compressor W gcgt .
4 Fuel reforming process
The chemical reactions in the steam reforming and shifting of methane are shown below.
Shifting:
The reforming and shifting reactions are endothermic and exothermic, respectively. The contribution of reforming is larger than that of shifting, and therefore the overall steam reforming process should be endothermic. The temperature inside the reactor is estimated as the arithmetic mean of the cell and inflow gas temperatures. The equilibrium constant and reaction heat of this process are calculated using the above-described mean temperature. The number of molecules reacting is determined by the gas com-position under an inlet condition and equilibrium state, in which the required heat for steam reforming is estimated.
In the hybrid system shown in Fig. 1 , the recirculation of the anode exhaust gas provides the required steam for the reforming process. On the basis of the steam mole number included in the inflow of recirculation gas n an, H 2 O and the mole number of supplied methane n an, CH 4 , the steam to carbon ratio (S/C) is defined as
S/C affects the required mass flow rate of anode exhaust gas recirculation.
5 MCFC
In the cell of a MCFC, only the following reaction proceeds. The synthetic reaction of methane from hydrogen and carbon monoxide is excluded in the present cycle analysis.
Anode:
Cathode:
The reaction amount of hydrogen ∆n H 2 is determined from the fuel utilization factor U f , which is defined as
Furthermore, the reaction amount of carbon monoxide is obtained from the relationship in chemical equilibrium.
The definition of the equilibrium constant gives the oxygen partial pressure in the anode p an, O 2 as the following relational expression.
Using the mole number n and reaction amount ∆n, Eq. (10) can be transcribed as described below.
Once the reaction amount of hydrogen ∆n H 2 is obtained from Eq. (9), the reaction amount of carbon monoxide ∆n CO can be estimated by Eq. (11). Theoretical voltage, namely Nernst voltage, caused by the cell reaction is calculated using
6 Evaluation of voltage drop in MCFC
Generally, the current in a fuel cell reduces the voltage of output power, because some factors decrease voltage, i.e., ionic resistance, electric resistance, Nernst loss and the chemical reaction resistance caused by activation energy (23) . It is very difficult to exactly estimate the effects of these factors in conjunction with heat/mass transfer and electrochemical reaction on the cell performance. Hence, the prediction of the cell voltage deterioration, which is based on empirical expressions, is employed in the stage of MCFC design. A large variety of estimate equations, which are based on reaction temperatures and the partial pressure of each species, have been suggested (23) - (25) . In the present study, the internal resistances of the MCFC are estimated using the following relational expressions (26) , (27) . In these expressions, the ohmic resistance r ohm including the ionic and electric resistances, anodic reaction resistance r an and cathodic reaction resistance r ca are reflected in the functions of the reaction temperatures and partial pressure of gas constituents. 
The net voltage of the cell V net can be calculated from the theoretical voltage V and the current density J by Figure 2 shows the relationship of the current density vs. the theoretical voltage (open circuit voltage) and the net voltage, which are calculated using Eqs. (12) and (16), respectively. In this case, theoretical voltage is 0.868 V, and the voltage drop at the current density of 1 500 A/m 2 is estimated to be 0.116 V. Then, it is found that the net voltage should be 0.752 V. This predicted value of the net voltage is at the same level as the measured data in previous reports (28) - (30) . The current i is calculated by the mole numbers of the cell reactions ∆n H 2 and ∆n CO , and the Faraday number F. Considering the power consumption in the fuel compressor W gc f c and the blower W blow , and the conversion efficiency of the DC/AC converter η DA , the net MCFC power output W MCFC can be estimated by
7 Power generation efficiency
Through the use of the value of the total power output (W gt + W MCFC ) and the fuel input (mass flow rate) for the combustor m gt and the MCFC m MCFC , the overall system efficiency for power generation η sys is defined as
In this definition, the lower heating value at the temperature of 25
• C is used as the calorific energy of methane ∆H CH 4 .
Features of µGT-MCFC Hybrid System
In order to clarify the effectiveness of conjugating a gas turbine and a MCFC, performance evaluation based on an exergy analysis is revealed in this section. Exergy losses in the components of the hybrid system are estimated as the difference between the inflow and outflow exergies, which is calculated from the temperature, pressure, gas composition and mass flow rate (31) . In the case that the operating temperature of the MCFC is 680
• C, the turbine inlet temperature (TIT) is 860
• C and the pressure ratio of the turbine is 4.0, exergy breakdown can be obtained as shown in Fig. 3 . Except for the parameters mentioned above, the calculation input values are the same as those cited in Table 1 . In Fig. 3 , the calculation results of a recuperated gas turbine cycle and an atmospheric MCFC are added to emphasize the features of the hybrid system. The exergy fraction of 58% to the fuel input is transformed into the effective electric power. Compared with the recuperated gas turbine, the exergy loss in the combustor is appreciably reduced in the hybrid system. As against the atmospheric MCFC, the exhaust loss and exergy dissipation in the recuperator are lowered. In the atmospheric MCFC, preheating of the suction air using hot exhaust gas is taken into account, however the large temperature difference between the suction air and exhaust gas causes the exergy loss of the heat transfer process in the heat exchanger.
Effects of Design Parameters on System Performance
In this section, the effects of the main design parameters of the µGT-MCFC hybrid system on the system performance are discussed in detail. The design parameters are divided into two categories. One category is largely dependent on the size of the component, e.g., the adiabatic efficiency of the compressor and turbine. The other has somewhat wide margins that can be adopted as designpoint values. We are concerned here only with the latter one, i.e., MCFC operating temperature (cell temperature), TIT and recuperator temperature effectiveness and S/C in the fuel reforming process. The effects of these parameters on the hybrid system performance are evaluated, and system design strategy is indicated in view of the constraint on the system operation.
1 MCFC operating temperature and TIT
Based on the data in Table 1 and a pressure ratio of 5.0, cycle analysis is executed with the cell temperature range from 550
• C to 750
• C at 50
• C intervals, and the calculation results are shown in Fig. 4 . As show in Fig. 4 (a) , a power generation efficiency of 55% is obtained with a cell temperature of 650
• C and a TIT of 900 • C. In the case of a cell temperature of 700 • C and a TIT of 950 • C, the efficiency attains over 60%. Under the constant-cell-temperature condition, a high TIT decreases system performance. Because, as shown in Fig. 4 (b) , a high TIT decreases fuel input to the MCFC, and fuel input to the combustor is boosted simultaneously. From the viewpoint of improving efficiency, decreasing fuel consumption in the combustor and decreasing TIT are effective, however the fuel input to the combustor reaches zero at a certain TIT and then a much lower TIT becomes impossible to set as the operating temperature. In this sense, the minimum TIT corresponding to the cell temperature is the temperature, which can be reached depending on the oxidation of the combustible species in the MCFC effluent gas. At this minimum TIT, the maximum power generation efficiency can be obtained. On the other hand, at a constant TIT, a higher cell temperature results in a much higher power generation efficiency, because hightemperature operation contributes to cell performance advancement, thereby making internal fuel reforming more beneficial. At the same time, proper temperature setting of the MCFC operation is essential to decrease the possibility of cell related problems, i.e., electrolyte scattering and shortened service life, which occur at a cell temperature large MCFC power output ratio improves system performance. Around the points, of which efficiency values are maximum at each cell temperature, the MCFC fractional power output ranges from 80% to 85%. Figure 4 (d) shows the air temperature at the inlet of the cathode. As in MCFCs, supplied air should be heated at a temperature over the melting-point temperature of the carbonate material in the cell stack, e.g., approximately 490
• C (32) for Li 2 CO 3 /K 2 CO 3 composite salt. In the present system, the cathode inlet temperature exceeds 550
• C with a cell temperature of 650 • C, hence it is believed that this system has sufficient ability to drive without any problems. Figure 5 shows the relationship between the TIT and the power generation efficiency. Each plotted curve represents a different recuperator temperature effectiveness of 0.7 to 0.95 in increments of 0.05. At the same TIT, a high temperature effectiveness decreases the power generation efficiency of the hybrid system. Increasing temperature effectiveness raises air temperature at the cathode inlet, and then the temperature range in the cell decreases. A decrease in heat release from the cell is necessary for keeping cell temperature constant, and fuel input to the MCFC should be decreased. The required combustor fuel input is increased to boost the MCFC exhaust gas up to the required TIT, and the power generation efficiency decreases. However, the increase in recuperator temperature effectiveness decreases the required TIT to maintain the system efficiency and contributes to the control of the thermal durability constraint of the turbine material. Figure 6 shows the characteristics of the hybrid system with different S/C settings from 2.0 to 5.0 in increments of 0.5. In Fig. 6 (a) , which shows the relationship between TIT and the power generation efficiency, it is found that high S/C degrades system performance. The high-S/C condition accelerates fuel reforming, and the mole fraction of methane at the inlet of the anode decreases. The partial pressure of hydrogen is decreased si- multaneously by increasing the recirculation rate of the anode exhaust gas. From here onwards, the cell voltage decreases as shown in Fig. 6 (b) . This voltage drop plays a role in the performance degradation of the hybrid system. However, in a similar way as described in section 5.2, the high S/C decreases the required TIT to obtain the same efficiency, and the heat resistance constraint of the turbine material is regulated. Actually, under the high-S/C condition, the oxidation of nickel, which is the component substance of electrodes, becomes a significant issue. In addition, the power consumption of the anode exhaust gas blower increases together with increasing recirculation flow rate. In consideration of the above described matters, proper setting of the S/C is required for adequate system design. Figure 7 shows the effects of pressure ratio in the range of 2.0 to 6.0 in increments of 0.5. In this result, the recuperator temperature effectiveness is set at 0.95 and the S/C is set at 4.0. As shown in Fig. 7 (a) , a high pressure ratio offers a high power generation efficiency at the same TIT. Both of the turbine outlet gas temperature and the cathode inlet air temperature decrease with increasing pressure ratio. The fuel input to the MCFC and the amount of residual species in the anode effluent increase simultaneously. In this manner, a high pressure ratio causes a high TIT. However, a high pressure ratio increases tur-bine tip speed, and then the required thermal strength of the turbine material increases with increasing TIT. Thus an excessively high pressure ratio is not desirable.
2 Recuperator temperature effectiveness
3 Steam-to-carbon ratio
4 Pressure ratio
Comparison with µGT-SOFC Hybrid System
In the previously reported work (33) , the performance of a µGT-SOFC hybrid system under the standard operating condition of a SOFC temperature of 1 000
• C has been evaluated. From the viewpoint of the easiness of system startup and shutdown, thermal durability of materials and cost reduction, a low SOFC operating temperature is favorable, namely a temperature in the range from 700
• C to 800
• C is required (34) . However, higher operating temperatures are preferred to improve efficiency. Figure 8 shows the calculation results of the µGT-SOFC hybrid system under the conditions of a SOFC temperature of 900
• C, a current density of 3 000 A/m 2 , a recuperator temperature effectiveness of 0.95 and a S/C of 4.0, where the other parameters are set at the values in Table 1 , respectively.
Comparing Fig. 7 (a) with Fig. 8 (a) , for example, the efficiency of the µGT-SOFC hybrid system reaches 65% under the conditions of a pressure ratio of 4.0 and a TIT of 1 000
• C. Thus the efficiency of the µGT-SOFC hybrid system is higher than that of the µGT-MCFC hybrid system. The fractional power output of the MCFC is greater than that of the SOFC, because the mechanical power generation of the turbine decreases due to the lower TIT of the µGT-MCFC hybrid system. In the µGT-SOFC hybrid system, the higher operating temperatures cause the higher TIT, and the turbine outlet temperatures (TOT) also become higher at the same pressure ratio as shown in Fig. 8 (b) . In order to apply a metallic recuperator in hybrid systems, the highest limit of the turbine outlet temperature needs to be in the range from 800 • C to 850 • C (35) . It is not desirable to design a system with an excessively high TOT. Increasing the pressure ratio is favorable to control the thermal durability constraint of the recuperator materials. A high pressure ratio is effective for improving efficiency, however turbine tip speed is increased due to an increase in enthalpy drop. A high pressure ratio is actually impossible, hence taking not only efficiency but also material strength and cost into account is important when considering hybrid system design. In the near future, by developing of a µGT with a TIT of 1 200
• C and a SOFC with an operating temperature of 1 000
• C, a very high efficiency, i.e., over 65% (LHV), can be expected (33) . On the contrary, the temperature of the MCFC exhaust gas after combustion of the residual species is consistent with the TIT of conventional µGTs, namely in the range from 800
• C to 900 • C. Then, a conventional metallic recuperator can be applied to the hybrid system. In this manner, the feasibility of a much earlier practical application of µGT-MCFC hybrid system is higher than that of µGT-SOFC hybrid system due to the regulation of the turbine and recuperator materials.
Investigation on Application of High-Temperature Catalytic Combustion
The power generation efficiency of the hybrid system must be maximum at the point in which the additional fuel input to the combustor after the fuel cell is zero. A combustor, which can completely oxidize the combustible species in the MCFC exhaust without additional fuel consumption, is required. Figure 9 shows the calculation results regarding the hybrid system with high-temperature catalytic combustion (36) downstream of the MCFC. The effects of pressure ratio on system performance and TIT at different recuperator temperature effectivenesses are indicated in this figure. Since the additional fuel is zero, the TIT is determined by the enthalpy rise caused by the combustion of the residual species in the MCFC exhaust as shown in Fig. 9 (a) . Analogous to general recuperative gas turbine cycles (37) , the optimal pressure ratio, which gives the maximum efficiency, does exist. Disregarding the recuperator temperature effectiveness, a power generation efficiency of approximately 62% (LHV) can be expected at a pressure ratio of approximately 3.0 -3.5. The temperature effectiveness of the recuperator affects the TIT. The high effectiveness increases air mass flow rate, and decreases TIT. However, almost the same efficiency can be attained. 
Conclusions
In the present paper, the performance evaluation of the µGT-MCFC hybrid system, which is based on the recuperated gas turbine cycle and the MCFC set upstream of the combustor, is discussed in detail. The derived results are described below.
( 1 ) Under certain operating conditions, the µGT-MCFC hybrid system has the potential to achieve the power generation efficiency of over 55% (LHV).
( 2 ) Compared with a conventional recuperative gas turbine cycle, the µGT-MCFC hybrid system decreases combustor exergy loss. In comparison with an atmospheric MCFC, the exhaust loss can be reduced by the power recovery from the exhaust heat of the MCFC.
( 3 ) In order to improve power generation efficiency, the fuel consumption of the combustor, which is set downstream of the MCFC, should be reduced.
( 4 ) Improving the recuperator temperature effectiveness and decreasing TIT simultaneously, the power generation effciency can be increased and the thermal constraint of the turbine material can be regulated.
( 5 ) A high S/C controls the thermal constraint of the turbine material and improves system performance.
( 6 ) System efficiency, the temperature limit of the recuperator and turbine tip speed, are important in determination of pressure ratio.
( 7 ) Taking the material constraint into account, the early actual use of a µGT-MCFC hybrid system can be expected with a much lower efficiency compared with a µGT-SOFC hybrid system.
( 8 ) The installation of catalytic combustion technology ensures that the fuel input to the combustor is not necessary, hence a much higher system efficiency over 60% can be expected.
